goods cooperation is thought to increase nutrient uptake rate, and results in the costs and 48 benefits of public goods being shared among producer cells. Although beneficial for the 49 collective as a whole, public goods cooperation can select for "social cheats": mutants that 50 lower or abolish their investment into public good production, but still reap the benefits of 51 nutrient uptake [5, 6] . 52 
53
The undermining of public goods cooperation by cheats has spurred an entire field of research, 54 examining the conditions required for cooperation to be maintained in the population. In 55 contrast, the question of how public goods cooperation evolves in the first place has received 56 much less attention. The main question is: will the conditions that have been shown to 57 maintain cooperation also promote the evolution of cooperation? Here, we tackle this 58 question by examining whether bacteria that have evolved low levels of cooperation in a 59 previous experiment can evolve back to normal levels of cooperation under conditions that 60 are known to be favorable for cooperation. We use pyoverdine, an iron-scavenging 61 siderophore secreted by the opportunistic pathogen Pseudomonas aeruginosa, as our model 62 cooperative trait. Pyoverdine is the main siderophore of P. aeruginosa, and is secreted into 63 the environment in response to iron limitation. Pyoverdine acts as a shareable public good 64 that can be exploited by non-producing cheats that possess the matching receptor for uptake 65 [7, 8] . 66 We consider three factors that could determine whether cooperation can re-evolve or not. 68 The first factor is the spatial structure of the environment. Previous work revealed that 69 increased spatial structure maintains cooperation because it reduces pyoverdine diffusion and 70 cell dispersal. In other words, spatial structure ensures that pyoverdine sharing occurs 71 predominantly among producer cells [9, 10] . The second factor involves the relative costs and 72 benefits of pyoverdine production [8, 11] . In the absence of significant spatial structure, it was 73 shown that cheats enjoyed highest relative fitness advantages under severe iron limitation 74 when pyoverdine is expressed at high levels (i.e. high costs). Conversely, cooperation was 75 maintained at intermediate iron limitation when pyoverdine is still important for growth, yet 76 its investment is reduced (i.e. lower costs). Finally, we examine whether the genetic 77 background of cheats is an important determinant of whether cooperation can re-evolve. 78 Previous studies [7,12; Granato ET, Ziegenhain C & Kümmerli R, unpublished] observed the 79 evolution of two types of cheats with greatly decreased pyoverdine production. The first type 80 of cheat has a point mutation in pvdS, the gene encoding the sigma factor regulating 81 pyoverdine production [13] , whereas the second type of cheat has a point mutation in the 82 promoter region of pvdS. While the two types of mutations might differ in their likelihood to 83 revert back to cooperation, both could principally do so, because their pyoverdine 84 biosynthesis cluster is intact [14] , and a single point mutation in regulatory elements could 85 lead to reversion. 86 87 We conducted experimental evolution in replicated populations with the two types of 88 pyoverdine deficient strains across three levels of iron limitations and two habitats, differing 89 in their level of spatial structuring. Based on social evolution theory, we predict the reversion 90 to full cooperation whenever Hamilton's rule [15] -rB > C -is satisfied. While r is the 5 relatedness between the actor and the recipient, C is the cost to the actor performing 92 cooperation, and B is the benefit gained by the individual receiving cooperation. In our 93 treatments, we vary r by manipulating the degree of spatial structure and C/B by manipulating 94 the level of iron limitation. Accordingly, we predict that increased spatial structure and/or 95 moderate investments into pyoverdine production should be most conducive for the re-96 evolution of cooperation. Moreover, we also envisage the possibility of pyoverdine production 97 to degrade even further. This seems plausible because the mutated clones still produce some 98 pyoverdine, and thus, there is room for further exploitation by de novo mutants that make 99 even less. We predict this to happen under low spatial structure, and high pyoverdine Both of these mutations show strong defects in pyoverdine production and growth under iron-120 limited conditions ( Fig. 1b+c ). Pyoverdine production of the pvdS_gene strain was only 9.4 ± 121 0.1 % (mean ± SE) compared to the wildtype strain PAO1 (measured after 24 hours), and 122 characterized by a low but steady production rate ( Fig. 1c ). While pyoverdine production was 123 also reduced in pvdS_prom (34.7 ± 1.4 % relative to the ancestral wildtype strain), the 124 production dynamic differed from pvdS_gene. The pvdS_prom strain had an extended phase, 125 where no pyoverdine is produced, followed by a phase with a considerable production rate 126 ( Fig. 1c ). Both mutant strains displayed substantial growth impairments, comparable to that of a constructed pyoverdine knockout ( Fig. 1b ). This indicates that the production of higher 128 amounts of pyoverdine would be advantageous.
130
Further degradation and not re-evolution of pyoverdine production prevails 131 Following 20 days (approx. 200 generations) of experimental evolution in six different 132 environments (2 different spatial structures x 3 different iron concentrations; Fig. 2 ), we 133 screened 720 clones for their evolved levels of pyoverdine production and growth under iron 134 limitation ( Fig. 3 ). For each clone, we then calculated the per capita pyoverdine production 135 (pyoverdine fluorescence divided by OD600). Under the conditions of this assay, the ancestral 136 strains pvdS_gene and pvdS_prom displayed 17.4 and 28.5 % (unstructured|structured), and 137 59.9 and 83.2 % (unstructured|structured) of the wildtype PAO1 pyoverdine production 138 levels, respectively. Among the evolved clones, there were only very few (n = 5; 0.69%) that 139 exhibited considerably increased pyoverdine production levels ( Fig. 3) , indicating that 140 reversion to higher levels of cooperation is rare. In contrast, we found a considerable number 141 of clones (n = 29; 4.03 %) that showed either a complete abolishment or a further substantial 142 reduction in pyoverdine production during evolution. 143 144 There was an interaction between the genetic background and the environmental conditions 145 under which these non-and extremely low pyoverdine-producing mutants appeared. In the 146 pvdS_gene background, they appeared exclusively under low iron conditions, and were 147 significantly more prevalent in unstructured compared to structured environments (Fisher's 148 exact test, p = 0.012; Table 1 ). Since pyoverdine is important for growth under these iron-149 limited conditions, yet can be exploited in unstructured environments, this pattern suggests 150 that the non-and extremely low pyoverdine-producing clones are cheats, which spread 151 because they exploited the little amount of pyoverdine produced by pvdS_gene. In the 152 pvdS_prom background, meanwhile, non-and extremely low-producers appeared almost 153 exclusively under high iron conditions (Fisher's exact test, p < 0.001), but independently of the 154 spatial structure (Fisher's exact test, p = 0.78; Table 1 ). This pattern indicates that pyoverdine 155 production was eroded due to disuse in iron-rich environments. In-depth analysis of a subset of evolved clones confirms selection against pyoverdine 160 Since the large screen of 720 clones was based on a single replicate per clone ( Fig. 3 ), we 161 subjected the 34 clones with a putatively altered pyoverdine phenotype to a replicated in-162 depth phenotypic screen. We further included 23 clones with apparently unaltered 163 pyoverdine phenotypes. For clones with the pvdS_gene background, we could confirm the 164 phenotype of all clones that showed a further decrease in pyoverdine production ( Fig. 4a ). In 165 fact, pyoverdine production virtually absent in all of them. Conversely, we could only confirm 166 the phenotype of two of the three mutants with putatively increased pyoverdine production, 167 and even for the confirmed ones, the observed increase was marginal ( Fig. 4b ). We obtained 168 similar confirmation patterns for clones with the pvdS_prom background: confirmation rate 169 was only high for clones with reduced but not for those with increased pyoverdine production 170 levels ( Fig. 4c+d ). Finally, when examining the clones with a putatively unaltered pyoverdine, we found that 61 % (14 out of 23) of these clones indeed had a phenotype equal to their 172 ancestral strain, whereas 35 % (8 out of 23) of the clones had pyoverdine production slightly 173 but significantly reduced ( Fig. S1 in Additional File 1). Taken together, these results confirm 174 the patterns of our extensive screen ( Fig. 3 ): there was selection to further reduce pyoverdine 175 production, but no restoration of cooperation.
177
Evolved pyoverdine phenotypes are not based on further mutations in pvdS 178 We anticipated that both restoration and further reduction of pyoverdine production could 179 be caused by additional mutations in the pvdS gene or its promoter. However, we found no 180 support for this hypothesis when sequencing this genetic region for the subset of 57 clones 181 described above (Table S1 in Instead of reversion to cooperation, we observed selection for mutants that further reduced 232 or completely abolished pyoverdine production ( Fig. 3+4) . Intriguingly, the environments that 233 promoted the spread of these mutants differed between pvdS_gene and pvdS_prom, 234 indicating that different selection pressures can promote the same phenotype. For the 235 pvdS_gene background, we found that the further degradation of pyoverdine production 236 predominantly occurred with low spatial structure and under stringent iron limitation. As 237 pyoverdine is important for growth under these conditions but widely shared due to mixing, 238 we assume that these mutants spread because they cheated on the residual pyoverdine 239 produced by the ancestral pvdS_gene. This finding confirms the notion that "cheating" is 240 context-dependent, and shows that a strain that evolved as a cheat is still susceptible to 241 further exploitation, despite its greatly reduced investment into a cooperative trait [24] . In 242 contrast to this pattern, we observed the further degradation of pyoverdine production in the 243 pvdS_prom background almost exclusively in iron-rich environments regardless of spatial 244 structure. Because pyoverdine is not needed under iron-rich conditions, yet still expressed in 245 low amounts [11, 16] , we assume that selection against pyoverdine production represents the 246 erosion of an unnecessary trait.
247 248 We can only speculate about why the genetic background seems to matter for whether 249 pyoverdine degradation is presumably driven by cheating or disuse. One possible explanation 250 might reside in the different pyoverdine production profiles shown by the two strains. While 251 pvdS_gene has a low but steady production rate, pvdS_prom delays pyoverdine production, 252 but then produces pyoverdine at a higher rate compared to pvdS_gene. It could be that 253 delaying the onset of pyoverdine production is a successful strategy to prevent the invasion 254 of mutants with completely abolished pyoverdine production. With regard to trait erosion, it 255 seems possible that pvdS_prom produces higher amounts of pyoverdine compared to 256 pvdS_gene under iron-rich conditions; this would make this strain more susceptible for trait 257 erosion because pyoverdine production is maladaptive under these conditions. Further 258 studies are clearly needed to elucidate these pattern at both the proximate and ultimate level. 259 The proximate level is of special interest here because the complete loss of pyoverdine 260 production did not involve mutations in pvdS, which has been identified as the main target of 
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Strains and growth conditions. We used Pseudomonas aeruginosa wildtype strain PAO1 279 (ATCC 15692) and a pyoverdine-negative mutant, both constitutively expressing GFP (PAO1-280 gfp, PAO1-ΔpvdD-gfp), as positive and negative controls for pyoverdine production, 281 respectively. We further used PAO1-pvdS_gene and PAO1-pvdS_prom, two mutants with 282 strongly reduced pyoverdine production, that evolved de novo from PAO1-gfp during of bacterial evolution (Fig. 2) . At the end of the experiment, we prepared freezer stocks for 322 each evolved population (n = 36) by mixing 100 µL of bacterial culture with 100 µL of sterile 323 glycerol (85%). Samples were stored at -80°C.
Isolation of single clones. To check whether evolved clones showed altered pyoverdine 326 production levels compared to the ancestral pvdS_gene and pvdS_prom strains, we isolated a 327 total of 720 evolved clones (20 per replicate and treatment). Specifically, we regrew evolved 328 bacterial populations from freezer stocks in 5 mL LB medium for 16-18 hours (180 rpm) and 329 subsequently adjusted them to OD600 = 1.0. Then, 200 µL of 10 -6 and 10 -7 dilutions were spread 330 on large LB agar plates (diameter 150 mm), which we incubated at 37°C for 18-20 hours. We 331 then randomly picked twenty colonies for each of the 36 evolved populations, and 332 immediately processed the clones for the pyoverdine measurement assay (see below). Confirmation of evolved pyoverdine phenotypes. Based on the screen above, we identified 348 34 clones with an altered pyoverdine production level (Table S1 in Additional File 1). 349 Specifically, we found five clones that seem to have restored pyoverdine production by roughly 50% (i.e. in terms of the difference between the low-producing ancestor cheat and 351 the high-producing wildtype) and 29 clones that seem to produce less than 33% of pyoverdine 352 compared to their ancestral pyoverdine low-producers (either pvdS_gene or pvdS_prom). We 353 subjected these clones to an in-depth repeated screening of their pyoverdine phenotype. In 354 addition, we selected two random clones per treatment (n = 24), from different evolved 355 populations, that displayed no change in their production levels (compared to pvdS_gene or 356 pvdS_prom). One clone had to be excluded due to contamination, so that the final sample size 357 for this group of clones was n = 23. For all of these evolved clones (n = 57), we re-measured 358 their pyoverdine production level in three-fold replication using the same protocol and 359 controls as described above. to the PCR mixture distributed in 96-well PCR plates. Plates were sealed with an adhesive film. 371 We used the following PCR conditions: denaturation at 95°C for 10 min; 30 cycles of 372 amplification (1 min denaturation at 95°C, 1 min primer annealing at 56°C, and 1 min primer 373 extension at 72°C); final elongation at 72 °C for 5 min. The PCR products were purified and 374 commercially sequenced using the pvdS_fw primer. While sequencing worked well for 51 clones, it failed for two clones, and resulted in partial sequences for six clones ( pvdS_prom: evolved mutant with a single point mutation in the promoter region of pvdS.
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